Abstract Gas burst and fragmentation explosions induced by rapid decompression of volcanic rocks in a high-pressure autoclave have been analyzed. We performed experiments from 4 to 20 MPa on (1) loose pyroclasts and (2) pumice from recent eruptions of Popocatépetl volcano. Our aim is to characterize the source mechanism distinguishing the physical processes that operate in the conduit which determine the dynamics of explosive volcanoes. For this aim we have analyzed experimentally the parameters that indicate the state and behavior of the conduit (i.e., decompression time, fragmentation threshold and speed, forces, and the partitioning of energy), using microseismic monitoring, the decompression time curves, and the sample rheological properties. The initial available potential energy in the system and its partitioning into different types of energies are correlated in space and time with specific stages of the explosive phenomenon. Such correlations, taken together with the energy distribution, enable the distinction of the individual physical processes involved and their causal sequence and relationships. Our observations suggest that in volcanic conduits with regular explosive activity, a source mechanism may operate whereby a causal sequence of processes results in a system that undergoes both rapid and stable transitions. Such behavior may persist over long periods of time.
Introduction
Real-time volcanic monitoring systems have advanced significantly due to multiple improvements of the development of high-precision instruments, in telemetry and in computational technologies (e.g., seismicity, deformation, gas emission differential optical absorption spectroscopy, infrared cameras, etc.). Nevertheless, the parameterization and the assessment of the dynamics of volcanic conduits before an eruption and their implications for eruption style remain great scientific and technological challenges.
The experimental investigation of volcanic behavior has produced several insights into the dynamics and mechanics of volcanic explosions. In particular, fragmentation of volcanic rocks by rapid decompression [Alidibirov and Dingwell, 1996a, 1996b; Mueller et al., 2005; Scheu et al., 2006; Spieler et al., 2004a] has yielded the parameters necessary for mechanistic scenarios of volcanic explosions which include mass and energy balance. The prime advantage of these methodologies is the possibility to recreate volcanic conditions generating explosions and thereby to quantify dynamic parameters (e.g., pressure and energy partitioning), which cannot be measured in the field. Such parameters are critical for the evaluation of conduit behavior [Arciniega-Ceballos et al., 2014] .
In this study, we present a laboratory investigation of the conduit dynamics during gas burst and fragmentation explosions generated in a high-pressure autoclave (HPA). This apparatus is capable of operating at volcanic pressure, temperature, and sample conditions. We performed experiments from 4 to 20 MPa on (1) loose pyroclasts and (2) pumice from recent eruptions of Popocatépetl volcano. These samples were subject first to slow compression to volcanic pressures and then a rapid decompression. the rupture diaphragm(s). We assess the behavior and the distribution, in time and in space, of experimental parameters such as the pressure, the forces, and the energy partitioning that are extant during the sequence of processes associated with the (1) fragmentation explosions and (2) gas burst explosions. In these experiments, the independent parameters are the properties of the samples and the magnitude of the experimental pressure. Further dynamic factors such as the forces and the estimates of elastic energy are calculated from experimental signals recorded during the explosions. We evaluate both the initial energy and the energy consumed during fragmentation based on sample characteristics and the pressure differential [Alatorre-Ibargüengoitia et al., 2010] . These physical processes and their causal sequence control the system's stability.
We discuss the main features of experimental explosions and their likely implications for volcanic explosions. Our observations suggest that the experimental evaluation of dynamic parameters that cannot be measured in the field (e.g., explosion pressure), together with accompanying petrological and seismological data, provides essential information on the dynamic state of conduits and their stability and thereby lays the groundwork for inferring vital characteristics of volcanic conduit behavior and its consequences for eruptive style.
Experimental Setup and Samples
The shock tube apparatus (STA) was originally designed to investigate magma fragmentation and the generation of pyroclasts during explosive volcanic eruptions [Alidibirov and Dingwell, 1996a, 1996b] . Since then, salient investigations have been successively developed in order to understand more of the physics of volcanic eruptions, and its design has been repeatedly modified and improved [AlatorreIbargüengoitia et al., 2010 [AlatorreIbargüengoitia et al., , 2011 Kremers et al., 2010; Kennedy et al., 2005; Kueppers et al., 2006a Kueppers et al., , 2006b Mueller et al., 2005 Mueller et al., , 2008 Scheu et al., 2006 Scheu et al., , 2008 Spieler et al., 2004a Spieler et al., , 2004b . The basic architecture of the STA comprises two parts: a high-pressure autoclave (HPA), which can operate at volcanic conduit pressures and temperatures, and a low-pressure tank (LPT), at atmospheric conditions. One to three diaphragms, calibrated to open at predetermined pressure differentials, are located between the HPA and the LPT, sealing the HPA. Samples are loaded into the HPA and are pressurized slowly with argon (Ar) gas up to the experimental pressure of interest. When the rupture diaphragms open, the pressurized sample is rapidly decompressed followed by the ejection of the gas-particle mixture in case of sample fragmentation. The relative pressure (with respect to the atmospheric pressure) is quantified within the HPA, with two dynamic pressure transducers (601H, Kistler Instrumente AG, Switzerland) located above and below the sample (Figure 1 ). Both pressure transducers are synchronized with three high-dynamic piezoelectric film sensors fixed at the base and at the walls of the HPA (Figure 1 ). These sensors have a linear response up to 20 GPa, low acoustic impedance, high elastic compliance, and a frequency range from 0.001 Hz to 10 GHz [Sheu et al., 2012; Wang and Chen, 2007] , covering the entire pressure ranges (4 to 20 MPa) and the frequency bandwidth (up to 250 KHz) of our experiments. The sensors capture the response of the overall dynamic processes step by step at Figure 1 . Sketch of the shock tube apparatus (STA) showing its architecture: HPA denotes the high-pressure autoclave of 2.7 cm in diameter and 18 cm in length. The LPT is a lowpressure tank of 40 cm in diameter and 300 cm in length, at atmospheric pressure conditions. The arrows point to the diaphragms, the location of the sample, and the dynamic pressure transducers PT and PB. The green rectangles indicate the piezoelectric sensors S06, S07, and S08.
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sampling rate of 500 kHz. Arciniega-Ceballos et al. [2014] demonstrated that the mechanical behavior, the reflected shock waves, and resonance characteristics of the LPT do not interfere with the measurements obtained at the HPA. Therefore, in what follows, we analyzed the data recorded only in the autoclave, i.e., the high-pressure section (HPA) of the STA (Figure 1 ). As the operational temperature of pressure transducers as well as piezoelectric film sensors is limited to well below volcanic temperatures, all experiments presented here were conducted at ambient temperature. Previous studies showed that the dynamics governing the sample's response to rapid decompression is mostly independent on temperature Scheu et al., 2008; Alatorre-Ibargüengoitia et al, 2010] ; owned by the fast nature of the process volcanic rocks at temperatures typical for the upper conduit (600-800°C) will response brittle [Dingwell, 1998; Scheu et al., 2006 Scheu et al., , 2008 . In addition, because the HPA is pressurized slowly, the maximum temperature increment that might be induced is less than 2%, and the majority of heat is dissipated through the metallic components of the autoclave. Therefore, for the fundamental physics of these explosions, the role of temperature can be relegated to one of secondary importance.
Gas bursts were simulated either by filling the total volume of the HPA (93 cm 3 ) with Ar gas or by loading 25 to 30% of the total volume of HPA with particles and the rest with Ar gas. We used ash and prefragmented particles with sizes between 0.5 and 4 mm. For fragmentation explosions, we used cylindrical cores of pumice, 25 mm in diameter and 60 mm length, with porosities between 17 and 65%. All samples were derived from deposits of Popocatépetl volcano with chemical compositions ranging from andesite to dacite [Martín del Pozzo et al., 2003; Witter et al., 2005; Siebe and Macías, 2004; Alatorre-Ibargüengoitia et al., 2012] .
In what follows, we describe how the dynamic parameters that characterize gas bursts and fragmentation explosions are obtained. Such parameters are the decompression curves, the magnitude of the forces involved, the expansion waves, the initial energy and its partitioning, and distribution in time.
Pressure
Our laboratory experiments are primarily designed to measure the evolution of pressure with time at the locations of two pressure transducers. In each experiment the HPA is slowly pressurized with Ar gas up to a maximum predetermined pressure (P o ). This pressurization phase is part of the nucleation episode that can be observed in the displacement records of the experimental signals preceding an explosion for up to approximately 4 s [see Arciniega-Ceballos et al., 2014] . The initial pressure, P o , progressively falls to zero after the diaphragm(s) open(s), triggering the fragmentation process and the emission of a gas-particle mixture. P o is set to lie between 4 and 20 MPa, pressures higher than the pressure threshold (P th ) for a given sample. P th is the minimum pressure differential that leads to a complete fragmentation of a pressurized porous rock in response to a rapid decompression [Spieler et al., 2004a] . For the samples used in this work, P th lies between 4 and 12.5 MPa [Alatorre-Ibargüengoitia et al., 2010 , 2011 .
In Figures 2a-2c , examples of three pairs of pressure curves and their related microsignal of acceleration (obtained at sensor S08; see Figure 1 ) are displayed for experiments using several samples. Figures (2)a and (2)b depict the signals of two fragmentation experiments on pumice samples from Popocatépetl volcano: one with 17.3% porosity at initial P o = 14.9 MPa and other with 62% porosity and initial P o = 16 MPa, whereas Figure ( 2)c shows the transients of an explosion in the absence of a pumice sample, using only Ar gas at initial P o = 14.85 MPa. Each pair of pressure curves (labeled PB and PT) corresponds to the transients recorded at a pair of pressure transducers according to their positions in the HPA (see Figure 1 ). From these decompression curves the following dynamic parameters can be read directly: (a) the time at which the pressure transducer PT senses the opening of the diaphragm (t d ), marking the beginning of the decompression process; (b) the characteristic time interval (τ), in which the initial P o decays to zero (see Figures 2a-2c) ; (c) the fragmentation or unloading time (t f ), is the time needed to fragment a solid sample or unload gas or loose particles out of the sample container; it is taken as the time difference between the deflection points of the pressure curves PB and PT ( Figures 2a-2c) ; and (d) the fragmentation speed (V f ), which is the ratio of the sample length (60 mm) to t f . The maximum picking errors in these measurements are of 0.01 ms, taken one sample interval considering the minimum sampling rate used (100,000 sps). A detailed explanation on the analysis of the pressure curves can be found in Spieler et al. [2004b] , Scheu et al. [2006] , and Alatorre-Ibargüengoitia et al. [2011] . In the fragmentation experiments with pumice cores, the length of the sample is constant, whereby larger V f values correspond to smaller t f values, which range between 0.5 and 10 ms. In experiments with loose particles, and in those only with gas, we found t f < 0.5 ms, with V f averaging to 300 m/s. In these figures the corresponding microseismic signal is plotted in arbitrary vertical scale to facilitate comparison. We observed that under similar initial pressure conditions P o , the higher acceleration and higher-frequency content correspond with the sample of higher porosity and smaller t f (compare Figures 2a and 2b ). This reflects the fragmentation dynamics and the energy partitioning (more detail concerning V f and fragmentation energy partitioning is provided below in sections 5 and 7.2, respectively).
Expansion Waves
The STA consists of two pressure sections separated by one to three rupture diaphragms (Figure 1 ), in which the gas or fragmentation explosions are generated by the bursting of the diaphragms (Figure 1 ). When the diaphragms break, a characteristic shock wave propagates upward from the location of the diaphragms through the low-pressure tank [Arciniega-Ceballos et al., 2014] , and a fan of expansion waves travels downward through the HPA, which constitutes the driver section of the STA. These expansion waves, and their reflections, propagate throughout a heterogeneous medium composed of Ar gas, the sample type inside the HPA and the steel components of the autoclave, traveling at each part at the material-specific velocities. The expansion waves cause rapid changes in the density of the medium, and at the same time, the interactions of gas and solid particles affect the wave speed and its propagation, speeding up when passing through hard materials. 
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These propagation characteristics are reflected in the travel times of the microseismic signals recorded at sensors S06, S07, and S08. These sensors are placed at the external face of the HPA at different distances with respect to the diaphragms and the sample position and capture the traveling waves passing through the whole compound medium (see Figure 1) . In order to calculate the wave velocity, we use the time delays (with a precision of 0.002 ms in the picking) together with the distances between the piezoelectric sensors. These measurements are average velocities and include complex interactions. They present distinctive differences depending on the position of the sensor and the type of sample the waves traveled throughout.
For experiments with Ar gas and loose particles, the expansion waves travel down across the entire HPA throughout the gas-particle mixture at velocities of 2 to 3 times the speed of sound in the Ar gas (320 m/s at 22°C and 0.1 MPa).
For the case of experiments with solid samples, waves reach the upper surface of the rock contributing, together with the pore overpressure, to its fragmentation. Due to the distribution of the sensors and the location of the pumice sample (Figure 1 ), different wave velocities were obtained. First, the expansion waves travel down throughout a volume of Ar gas from the diaphragm zone to the top of the sample, a distance of about 102 mm, at speeds between 660 and 970 m/s. This body of Ar gas expands upward above the sample and escapes ahead of any particles. Next, the expansion wave impacts the sample's upper surface and propagates throughout the sample at an average speed of about 2500 m/s, contributing to the development of internal forces that lead to the fragmentation or unloading of the sample. Note that the fragmentation speed (V f ) is orders of magnitude slower (usually in the order of 10-250 m/s) [Scheu et al., 2006 than the propagation speed of the expansion waves traveling throughout the sample.
The first signs of the nucleation of an explosion detected at the piezoelectric sensors are (1) the first wave arrivals, which may be associated with the microcracking that the pumice samples undergo during the compression episode (marked in Figures 2a-2c) , and/or with the stability of the diaphragm(s) like bulging and vibration, and (2) the inflation process that the walls of the HPA endure during the pressurization phase [Arciniega-Ceballos et al., 2014] . Once the pressure differential is reached, the diaphragm(s) are opened and the system undergoes a sudden pressure drop. The time differences between t d , measured from PT pressure curves, and the first wave arrivals range between 0.2 and 1.7 ms, where the maximum differences correspond to the experiments with the rock sample of low porosity (see Figures 2a-2c ). These time differences are useful for keeping track of the nucleation and triggering of the gas burst and fragmentation explosions.
Forces
Analysis of the forces gives an estimation of the mechanical strength of the HPA and of the intensity of the stresses in the explosion. When the system is pressurized, the forces exerted on the diaphragm(s), on the walls, and on the bottom of the HPA are in equilibrium and are taken to have the same time history [Kanamori et al., 1984] . Based on these considerations, the magnitude of radial and vertical forces can be determined from experimental signals measuring the maximum absolute amplitude recorded at the piezoelectric sensors placed at the walls and at the bottom of the HPA as indicated in Figure (1) . These sensors transmit a voltage proportional to the stress experienced and then converted to the corresponding force units. The force range associated with the gas burst and fragmentation explosions is between 2 kN and 24 kN (Figures 3a and 3b ).
The initial experimental pressure (P o ) together with the vertical (F z ) and the radial (F r ) forces are depicted in Figures 3a and 3b , respectively. These plots show that the relationship of P o to the radial force (F r ) is almost linear, especially for experiments with only gas (indicated with circles). In contrast, the experiments with solid samples (denoted with triangles) exhibit major dispersion. These values are within the bounds of the theoretical force
2 denotes the area of a diaphragm and n is the number of diaphragms (Figure 3b ). When the HPA is under pressure, the internal forces are in equilibrium [Kanamori et al., 1984] , F v acts positive upward and can be considered equivalent to the force applied in the direction of the blast and thereby to the reaction force F z , acting downward and measured at sensor S08 (Figure 1 ).
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The difference in the behavior between F r and F z can be attributed to (1) the cylindrical geometry of the HPA favors major elastic strain changes in the radial direction, as are observed in the force measured at the walls (F r ) [Arciniega-Ceballos et al., 2014] ; (2) the dominant downward direction of the expansion waves increases the intensity of the force measured at the bottom (F z ); and (3) the sample's porosity influences the force distribution. This can be seen plotting the fragmentation velocity (V f ), calculated as shown in Figures 2a-2c , versus the vertical and radial forces. Observe that the V f values associated with particles and gas and only gas cluster between 200 m/s and 400 m/s (Figures 4a and 4b) . These values are in the vicinity of the sound speed of the Ar gas averaging 320 m/s at room temperature (22°C). On the contrary, for solid samples, V f is subsonic (<150 m/s) and F z increases linearly and rapidly with V f (Figure 4b ).
Alternatively, using the force F z and the total mass inside the HPA we can obtain a rough estimate of the initial acceleration of the bulk mass ejected (m ej ):
where V gas = V s + V HPA indicates the total volume of gas. V s = ϕA s h s is the volume of gas in the pores of the sample with porosity φ, and V HPA = A HPA h HPA is the volume of gas in the HPA between the sample and the diaphragm; A and h indicate the area and length of the sample or of the HPA, respectively (see Figure 1 ).
The density is obtained from the equation of ideal gases ρ = P o /RT, where P 0 is the experimental pressure at ambient temperature T = 22°C (293 K) and R = 207.8 J K g À1 K À1 for Ar gas. The parameters of the solid samples measured before each experiment were mass of core samples (m sample ) ranging between 22 and 66 g, porosity (φ) between 17 and 65%, and density between 2220 and 2600 kg/m 3 . The density of the prefragmented particles varies between 2450 and 2620 kg/m 3 . Substituting these values in equation (1), the ejected mass of gas and gas plus particles ranges between 14 and 82 g. Thereby, in the absence of external forces, the initial acceleration grows linearly, following F z À F g = m ej a i , where F g is the gravity force. In this it is assumed that the mass is ejected in a single bulk packet, at t = t d ∼ 1 ms; thus, a rough estimate ranges between 34 and 480 km s À2 ( Figure 5 ). These values imply initial velocities of tens to hundred meters per second, which is in agreement with the maximum velocities of particles reported from the analysis of high-speed videos of experiments [Alatorre-Ibargüengoitia et al., 2010 , 2011 and of volcanic eruptions [e.g., Taddeucci et al., 2012] .
We have however observed that the emission rate is not constant; the discharge is ejected in a sequence of pulses which, depending on the number of diaphragms, starts either with a small gas packet gathered between the diaphragms or with the gas bulk packet accumulated above the sample and then follows the ejection of the gas-particle mixture. This pulse-like packet emission reflects the layer-by-layer fragmentation Figure 3 . Plots of pressure P o versus (a) the radial (F r ) and (b) vertical (F z ) forces, respectively. The forces are determined in kilonewtons using the velocity records of the sensor S08 for F z and of the sensor S07 for F r (see Figure 1) . The symbols indicate the sample types: gas (open circles), gas-ash mixtures (crosses), and pumice of similar porosities (triangles). The yellow circles indicate the pressure threshold P th , and the lines with green squares represent the force (F v ) at the diaphragms (see section 5 for details). 2014JB011810 process [Alidibirov, 1994; Alidibirov and Dingwell, 2000; Fowler et al., 2010] and the corresponding inflation-deflation behavior of the HPA [Arciniega-Ceballos et al., 2014] . In the experiments as in volcanic eruptions, the duration of the expulsion process depends on the internal conditions, temperature, type of samples, size of fragments, and size and shape of the conduit and its vent. Further analyses and scrutiny of high-speed videos are ongoing, in order to obtain better understanding of the packet-pulse emission style, its relation with the manner in which the fragmentation occurs [Fowler et al., 2010] , and the effects caused by the elastic behavior of the HPA.
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Initial Energy
The sudden pressure released gives rise to the sample's fragmentation phenomena that produce complex pressure bursts as well as the ejected mixtures of gas and particles. Here we attempt to estimate the initial energy accumulated in the system due to the pressurization process before the explosion by considering three types of energy: (a) the potential thermodynamic energy (E cg ), which is the energy injected in the system due to the compressed gas; (b) the strain energy (E s ), which is the energy stored in the pipe of the HPA due to the pressurization process; and (c) the strain energy stored (E core ) in the rock core sample subjected to compression.
E cg
For E cg per unit volume we use equation (2) for compressed gas for an adiabatic system [Alidibirov, 1994] . The full experimental cycle is not strictly adiabatic, considering that during the pressurization process, temperature increases 2-3°C and the heat is transferred to the autoclave wall. However, the experimental procedure is always the same, leading to reproducible and comparable experiments. In addition, the depressurization process is quasi-instantaneous (<10 ms); thus, we can treat it adiabatically:
where P a is the atmospheric pressure, P o is the experimental pressure, γ = 1.67 is the adiabatic coefficient of the Ar gas, and V gas is the total volume of gas (see equation (1)). This energy ranges from 376 to 2020 J. (1)). The symbols indicate the original sample types: gas (open circles), gas-ash mixtures (crosses), and pumice of different porosity (triangles).
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E s
We calculate the strain energy stored (E s ) in the HPA per unit volume considering the work done in a thickwalled cylinder under uniform internal gas pressure and the Hooke's law as E s = V HPA ε i σ i /2, where substituting the circumferential and longitudinal strains given by
, where E is the Young's modulus of the HPA. It is well known that the hoop stress is σ h = DP i /2d HPA and the longitudinal stress is σ L = DP i /4d HPA , and υ denotes Poisson's ratio, P i is the internal pressure, D is the diameter, and d HPA is the wall thickness of the HPA. Thus, the strain energy stored in the material per unit volume by the pressure applied is given by
Substituting the experimental range of pressures (4-20 MPa), a Poison's ratio of 0.3 and E = 200 GPa for the steel (see Figure 1) , the strain energy stored in the HPA under uniform pressure is E s = 0.05-1.3 J.
E core
The strain energy stored in the pumice core sample (E core ) per unit volume under uniform internal pressure P 0 implies that rock core is subjected to longitudinal deformation (σ z = P 0 ) and lateral deformation is restricted (σ r~0 ). Then, E core = V core ε z σ z /2 = V core P 0 2 /2E c , where V core is the volume of the sample and E c is the Young's modulus. Taken E c for dry andesitic to dacitic pumice samples from 10 to 50 GPa and P 0 from 4 to 20 MPa, the maximum strain energy stored in the pumice core is E core = 600 nJ.
Then, the contribution of both strain energies E s and E core is minimum, thereby the total initial energy available in the system sum E i = E cg + E s + E core = 376-2021 J.
Energy Partitioning
After the opening of the diaphragm, the initial energy (E i ) is partitioned into different forms of energy. Here we consider mainly the fragmentation energy or energy dissipated by fragmentation (E f ) and the kinetic energy (E k ). Certainly, there are other energies involved such as energy lost due to friction and heating, but these are considered negligible and are not taken into account.
Kinetic Energy (E
The initial energy (E i ) is transformed primarily into four types of kinetic energy (E k ): (1) part of it is used to restore the HPA to its initial unpressurized state ( HPA E r ); (2) a small fraction flows away from over the entire area of the HPA as elastic energy ( HPA E e ); (3) part of E i is the energy transmitted to the expanding gas which drives the ejection of the gas-particle mixture ( gp E k ); and (4) a significant fraction of energy ( ga E k ) is released with the free expansion of the bulk-gas packet accumulated above the sample. 7.1.1. HPA E r
The energy that the HPA consumes in its recovery is estimated considering HPA E r = P 0 AU i , where A is the area of the HPA and U i are the maximum radial and vertical displacements expressed following Lamé's solution as U r = 2P 0 r e /E(R 2 À 1), U z = P 0 l/E(R 2 À 1), respectively; l is the HPA's length; and R = 1.62 is the ratio between the interior and exterior radius (r e ) of the HPA. We found that for the range of pressure (4-20 MPa), HPA E r is in the order of 0.107 to 0.527 J. This result considers the static case; although the HPA recovers its original shape in about 1.2 s, the displacements measured at the walls of the HPA are of the same order of magnitude [Arciniega-Ceballos et al., 2014] . Then the HPA E r per unit time is 0.089-0.440 J/s.
HPA E e
Under no frictional external effects and no attenuation with distance, the energy associated with the elastic waves HPA E e can be estimated as an average measurement of the energy dissipated by the total area of the HPA following:
where ρ is the density at the receiver point; V HPA is the volume of the HPA; r and l are the radius and length of the HPA, respectively; c is a constant of proportionality with units of time, taken equal to the experimental signal duration; and I r and I z are estimated from Parseval's principle as
where s i (t) refers to vertical (z) and radial (r) components of the experimental transients recorded at sensors S07 and S08 (see Figure 1) , respectively, and S i (f) is its respective spectrum. In the intervals of integration,
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t s denotes the total duration of the signal and f n the Nyquist frequency of the spectrum. Although the energy of the expansion waves dissipates fast with distance, I i includes the energy of all types of waves that the sensors S07 and S08 capture (Figure 1) . The shape and frequency corner (f c ) of the amplitude spectra of the experimental signals are kept constant among experiments reflecting the frequency characteristics of the source mechanism that operates in the HPA; the observed slight amplitude variations are only function of the experimental pressure ( Figure 6 ). Further details on the spectral characteristics of experimental signals and their relation with the sample type can be seen in Arciniega-Ceballos et al. [2014] . The time and frequency characteristics of the experimental signals indicate that the above formulation (equation (3)), although being a rough estimate of the elastic energy released during the explosions, is adequate for our calculations;
HPA E e ranges from 1.4 J to 11 J.
gp E k
The part of the kinetic energy related with the ejected particles gp E k is estimated using the expression
where _ m is the mass eruption rate, v is the particle velocity, and t is the time. Although it has been observed (from the high-speed videos of the experiments) that the mass eruption rate is not constant, nevertheless, as a first approximation, we take the average _ m ¼ m ej =t e , where m ej is the total emitted mass of the gas-particle mixture (see equation (1)) and t e is the time required to eject that mass. Following Alatorre-Ibargüengoitia et al. [2010, 2011] , the velocity of the particles as a function of time is given by
where the velocity of the pyroclasts is v p , the maximum velocity (v max ) corresponds with the time at which the first pyroclast is observed in the high-speed video, and h is the vertical distance from the base of the HPA to the observation position of the camera. Substituting v p into equation (5) we obtain the expression for the kinetic energy of the gas-particle mixture for an average mass eruption rate:
Regarding the analysis of the high-speed videos of the erupted materials, m t ranges from 2 to 6.8 kg/s, taking t e = 10ms and calculating v max for each experiment using the equation (6) and h = 0.30 m; equation (7) yields gp E k ranging between 1.5 and 127 J. 7.1.4. ga E k
The ga E k is the kinetic energy associated with the volume of Ar gas accumulated between the diaphragm and the sample (Figure 1 ). Once the diaphragm breaks, this gas mass expands freely, from the P o to the atmospheric pressure, leaving the HPA initially at the speed of sound without dragging any particles with it. The ga E k is calculated from the adiabatic work expressed in equation (2), considering only the volume of gas above the sample (~6.28E-5 m 3 ). The ga E k ranges from 290 J to 1370 J and represents 68 to 92% of the initial thermodynamic energy E cg . The colors represent individual spectrum; the variation in amplitude is due to differences in the applied experimental initial pressure P o .
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Fragmentation Energy (E f )
The energy consumed during the fragmentation process (E f ) is controlled by the sample's porosity (φ) and the pressure threshold (P th ), according to AlatorreIbargüengoitia et al. [2010] :
for our set of experiments, E f is 20-90 J. If we do not take into account that E f is intrinsically related to the fraction of gas that infiltrated the sample during the pressurization episode, this energy seems small in comparison with the initial available energy in the system. But if we consider only the energy of the driver gas inside the pores (E g between 50 and 380 J), E f represents 24 to 40% of this energy. E g is calculated for each experiment solely using the volume of the sample and its porosity following equation (2) (2)b. At a comparable initial pressure conditions, the sample with 68% porosity (Figure 2b ) is fragmented in t f = 0.24 ms while the sample with 17.3% porosity in t f = 1.5 ms (Figure 2a ). On the other hand, as the fragmentation is a dynamic process that occurs in a fraction of time during the decompression episode, as long as the sample is subjected to a pressure difference, it can potentially be fragmented. Therefore, an estimate of E f per unit time ranges about 3-13 J/ms, taking the average t d = 7 ms, the same time span in which E f is dissipated.
Discussion and Concluding Remarks
Volcanoes vary widely in their destructive power; volcanic eruptions can switch rapidly and repeatedly from passive degassing to violent explosions displaying a sundry range of behaviors and eruptive styles. The parametric analysis of experimental gas burst and explosions yields insights on the processes that are useful to decipher the dynamic nature of explosive volcanic eruption regimes.
An explosion can be described as a causal sequence of physical processes and their effects that may give clues on how its source mechanism operates. First, the nucleation episode involves the compression process of the gas-particle mixtures or rock-core samples and the pressurization process of the conduit. The coupled effects are detectable before the pressure drop occurs: (a) the inflation phase of the conduit walls shows up in the displacement records (see Figure 4 in Arciniega-Ceballos et al. [2014] ) and (b) the first wave arrivals may indicate microcracking in the compressed rock and/or vibration due to overpressure (Figures 2a-2c ). The duration of this episode depends on both the pressure and on the properties of the system (Figure 7) . The triggering episode follows. This involves the activation of the mechanism that open (s)/break(s) the seal(s) of the conduit precipitating an ensuing pressure drop, which results in the explosion. During the pressure loss of the system, the fragmentation process takes place and the major volume of gas escapes following the emission of the gas-particle mixture. At the same time, the elastic responses of the conduit's walls inflate and deflate up to recover its original state [Arciniega-Ceballos et al., 2014] , contributing part of its energy into the expulsion of the gas-particle mixture.
The description of these processes, as well as estimates of their associated energies and forces, indicates that the fragmentation episode is the most intensive and violent process. Although the energy consumed during fragmentation (20-90 J) represents less than 5% of the initial energy E i (376-2021 J), it is dissipated in a very short time window (<10 ms), less than 1% of the total duration of the explosive process. Further, the released E f coincides with the maximum force intensity and maximum deformation of HPA. In contrast, the total kinetic energy E k (293-1509 J) is about 78% of E i , but 90% of E k is dissipated through the first bulk gas pocket. Thus, it becomes clear that the major concentration of energy is due to the compressed gas. The processes related to the transmission of elastic kinetic energy and the elastic behavior of the conduit occur as a relatively smooth and slow process, thus, these exhibit a lower intensity and a longer-lasting duration (up to 1.4 s). This is accounted for by the design of the HPA, which is able to withstand internal pressures up to 50 MPa, and repetitive strain-stress cycles without exhibiting failure during the fragmentation process. The analysis of the energy partitioning thus clearly indicates the strong dependence of the experimental setup on the gas sample volume ratio and that the dissipation of energy occurs at differing time scales.
Correspondingly, the dynamic stiffness properties and the frequencies (~2500 Hz) of the HPA obtained from the experimental signals from previous studies using pumice solid samples [Arciniega-Ceballos et al., 2014] yield wavelengths of approximately 1.6 m, assuming a S wave speed in the steel of 4 km/s. This, considering the dimensions of the HPA (length = 0.192 m and radius = 0.022 m), indicates that wave diffraction takes over and the container behavior becomes quasi-static, with all the modes superimposed in the experimental records. Therefore, the static stiffness that can be obtained from Lamé's thick wall cylinder solution is directly applicable to the computation of internal pressure in terms of the measured radial motion.
In the natural volcanic environment, the repetitive activation of a source mechanism capable of withstanding repetitive strain-stress cycles without failure points to a nondestructive source in terms of its geometry and mechanics (e.g., repetitive opening and closing of a path-like cracks or conduits). The regular and repetitive character of volcanic seismic signals that present similar waveform signatures over time (e.g., long-period (LP) and very long period signals (VLP)) suggests the existence of such mechanism [Arciniega-Ceballos et al., 1999 , 2012 Chouet, 1996a Chouet, , 1996b Chouet et al., 2005 Chouet et al., , 2010 Kumagai et al., 2002 Kumagai et al., , 2005 McNutt, 2005; Neuberg, 2000; Rowe et al., 1998; Waite et al., 2008] .
For example, at Popocatépetl volcano, which exhibits regular emissions of gas and ash, the explosive activity has included gas-ash plumes reaching up to 17 km height and dome construction and destruction phases at the crater's surface. However, since Popocatépetl's reawakening in December 1994, it has not shown evidence of deformation [Cabral-Cano et al., 2008; Zebker et al., 2000] or destruction of the conduit system. Further, estimates of the rates of magma ascent have remained low averaging 1 m/h [Rutherford, 2008; Martín del Pozzo, 2003] . The repetitive behavior of LP and VLP events has been observed since the installation of the first broadband seismometer in 1996 [Arciniega-Ceballos et al., 1999 ]. In such volcanic systems, where degassing emissions predominate (~10 t/d [Delgado-Granados et al., 2001] ), the pressurization-decompression cycles maintain a regular opening and closing of crack-like conduits Arciniega-Ceballos et al., 2008 , 2012 . Even when Popocatépetl exhibits wide ranges of eruptive behavior [Arciniega-Ceballos et al., 1999; Cruz-Atienza et al., 2001; De la Cruz Reyna and Tilling, 2008; Martín del Pozzo, 2012; Zobin et al., 2006] , the volcanic system has not developed unsteady conditions, at least since 1994. The energy distribution and the pressure conditions, together with the shape and the rheological properties of the conduit connections, can result in gas-particle mixtures and magmatic fluids flowing to the surface leading to an explosion or to a sequence of mild explosive events without exceeding the strength of the conduit's confined rock, which behaves quasi-statically. In this volcanic system, a fast pressure drop likely induced the fragmentation process, which can be considered virtually instantaneous [Scheu et al., 2006] . The processes that last much longer, such as the resonance in the source (crack or conduit) or/and in the path (that can be recognized in seismic signals), and those that can be visually observed, such as the emission of gas and particles, do not lead to a breakdown in the mechanism. This fact means that the eruptive mechanism may exhibit a wide range of intensities and superficial manifestations that act under internal equilibrium conditions in the volcanic conduit system, like it was observed in our experiments. It also means that this behavior may last for long periods of time. A crucial question then becomes how to identify distinct eruption phases that may drastically change the internal boundary conditions that are ultimately capable of driving the source system to unsteady behavior. In this context, perhaps a key point is to identify how the energy partitioning of volcanic explosions is distributed in time and space in such a way that the conduit system keeps functioning without destroying its enabling mechanism over time. The strong similarities observed between these experimental and many volcanic signals suggest that the physical processes, occurring during simulated gas burst and fragmentation explosions and those that occur during gas burst and Vulcanian explosions, generate resemble system responses at their respective scales, reflecting their intrinsic dynamics [Arciniega-Ceballos et al., 2014] . In such similar systems, the physical processes are independent of the system size. We refrain however from inferences regarding the partitioning of volcanic energy as the source energy dissipates at different time scales and the gas-particle volume ratio (not explicitly investigated here) likely plays a determining role in the distribution of energy. Furthermore, the energy measured from volcanic seismic records is strongly affected by the source-receiver distance, attenuation, and scattering, representing the energy at the recording point directly and only indirectly that of the source. Other measurements can be taken only once the eruption began like the estimation of kinetic energy from the ejection of pyroclasts using Doppler radar techniques, high-resolution cameras, and ballistic analysis [Donnadieu, 2012; AlatorreIbargüengoitia et al., 2010] . Our observations point out the need of more research effort in this direction, together with the analysis of seismicity to differentiate between seismic volcanic events, source, and wave propagation effects. For instance, it is important to express the seismic energy in terms of the cumulative number of each event type considering the source-receiver distance and configuration of the network as well. From these monitoring changes, an improved assessment of the internal conditions and the intensity of volcanic activity must emerge. This may be helpful to reduce the gap between conclusions frown from experimental and field-based volcanic observations.
